Introduction {#S1}
============

Biallelic mutations in the *GJB2* gene (MIM \#121011), encoding the gap junction protein Connexin 26, have been associated with non-syndromic hearing impairment (HI) of different degrees and audiometric patterns depending on the type (truncating vs non-truncating) and localization of the gene mutations [@R01] [@R02]. Dominant mutations in the *GJB2* and in its contiguous homolog *GJB6* have been also described in cases showing non-syndromic HI [@R03] [@R04] and in those with syndromic forms, characterised by an association between HI and skin manifestations, which in turn have been phenotypically dissected into palmo-plantar keratoderma-deafness (PPKD, MIM \#148350), hystrixlike ichthyosis-deafness (HID, MIM \#602540), Bart--Pumphrey (MIM \#149200), keratitis-ichthyosis-deafness (KID, MIM \#148210) and Vohwinkel (MIM \#124500) syndromes [@R05] [@R06]. The association between deafness and skin diseases has been proven as mutation specific, with about 20 causative *GJB2* gene variants described to date, mainly affecting extracellular domain 1 of the connexin 26 protein [@R07].

In the present report we describe a new *GJB2* mutation, c.66G \> T (p.Lys22Asn), identified in an Italian pedigree with carriers showing moderate, progressive sensorineural HI and age-dependent palmoplantar keratoderma suggesting full penetrance and variable expression.

Materials and methods {#S2}
=====================

Patients were recruited at Modena University Hospital and evaluated by otolaryngologists and medical geneticists. Clinical, auditory and genetic data, including family medical histories with special care towards deafness and age of HI onset were collected. Hearing thresholds were measured by pure tone audiometry at the frequencies of 0.25, 0.5, 1, 2, 3, 4 and 6.8 kHz; auditory brainstem response (ABR) was performed in case of asymmetry. Analysis of the GJB2 gene was performed on DNA extracted from blood after informed consent, as previously described [@R08].

The study was approved by the local Ethics Committee (Protocol No. 108/14).

Results {#S3}
=======

The proband (III-2, [Fig. 1](#F1){ref-type="fig"}) is a 7-year-old child presenting asymmetric bilateral high-frequency sensorineural HI, with a threshold around 15 dB at 250-4000Hz, sloping down to 60 dB at the 8000 Hz frequencies ([Fig. 1](#F1){ref-type="fig"}) in the right ear, while the left ear had a slope to 40 db at 2000- 4000 hz, reaching 60 db at 8000 Hz. Among the relatives, his half-sister (same mother, different father) had a unilateral sensorineural HI, which was limited to 8000 Hz with a threshold around 70 dB, presently involving only the right ear. The mother (clinical diagnosis of HI around 9 years of age) and maternal grandfather both had similar, but more severe audiometric patterns, which were referred to as progressive through the years ([Fig. 1](#F1){ref-type="fig"} reports their audiograms performed at 46 and 78 years of age, respectively).

![Genealogical tree of the family under study. Hearing impairment and PKK is indicated by solid-filled shapes. Half-shaded symbols denote non-syndromic HI. The audiograms were obtained at age 78, 46, 23, 7 for patients I-1 , II-2, III-1, III-2, respectively. The arrow indicates the proband.](0392-100X-37-308-g001){#F1}

Dermatological examination of the adult affected members of the family (patient II-2, and patient I-1 of [Fig. 1](#F1){ref-type="fig"}) showed a variable expression of adult-onset palmoplantar keratoderma, which was diffuse on the palms and soles without any involvement of the dorsal side of the hands, feet or of the nails and a friction-associated denuded area of the fingertips ([Fig. 2](#F2){ref-type="fig"}, panel B). Neither children had the palmo-plantar phenotype.

![Skin changes of the hands (A and B) and feet (C) of patient II-2 in [Figure 1](#F1){ref-type="fig"}, demonstrating a palmoplantar keratoderma with a friction-associated denuded area of the thumb fingertip.](0392-100X-37-308-g002){#F2}

Sequencing analysis of the *GJB2* gene revealed a novel heterozygous variant, c.66G\>T, p.Lys22Asn ([Fig. 3A](#F3){ref-type="fig"}) (ClinVar ID 242831, <http://www.ncbi.nlm.nih.gov/clinvar/>), which was present in patients III-2, III-1, II-2, I-1, all showing some degree of HI, thus suggesting an autosomal dominant pattern of inheritance. The mutation, falling in the transmembrane domain of the connexin 26 protein ([Fig. 3 B](#F3){ref-type="fig"}), has not been previously reported in the medical literature, is not present in the public disease databases (Leiden Open variant Database [@R09], Deafness Variation Database, The Molecular Otolaryngology and Renal Research Laboratories, The University of Iowa), or as a variant in the general population (Ensembl [@R10]; 1000 Genomes Project Consortium [@R11], Exome Variant Server). The Polymorphism Phenotyping v2 [@R12], Provean [@R13], Mutation Tester [@R14] tools, which were used to predict the possible impact of the amino acid substitution on the structure and function of the protein, classified the variant as pathogenic (Polyphen-2 prediction: probably damaging with a score of 1.000, sensitivity: 0.00; specificity: 1.00; Provean prediction deleterious with a score of -2.716; Mutation tester prediction: disease causing prob \> 0.99).

![a) Proband\'s chromatograms of *GJB2*. The arrow indicates the position of the c.66G\>T, p.Lys22Asn mutation. b) Comparison of amino acid sequences of GJB2 among diverse species, showing that the first transmembrane domain (from aa 21 to aa 40) is highly conserved. c) GJB2-associated syndromes and reported causative mutations. E1 and E2, extracellular domains 1 and 2, respectively; PPK, palmoplantarkeratoderma; KID, keratitis--ichthyosis--deafness.](0392-100X-37-308-g003){#F3}

Discussion {#S4}
==========

We report a novel *GJB2* dominant mutation identified in an Italian pedigree, associated with childhood-onset, progressive neurosensorial HI and palmoplantar keratoderma, which was observed only in the adult affected members of the family. Different from the other keratoderma/ deafness causing mutations, the p.Lys22Asn GJB2 variant resides in the transmembrane domain (TM) of the Cx26 protein, which contributes to cell-to-cell interaction at the level of the connexin hemichannels [@R15]. In one of the TM domains, only one other mutation has been described so far, namely p.Phe142Leu in which the affected child presented an unusual dermatologic phenotype characterised by vast erythematous patches on the trunk and mucosae without keratoderma [@R16]. The reported phenotype of the family falls into the spectrum of the dominant *GJB2* mutations described so far, since it progressively affects the auditory function starting from the highest frequencies in a mild and non-symmetrical fashion ([Fig. 1](#F1){ref-type="fig"}, patients III-1 and III-2) and finally arrives to a moderate to severe degree of HI in the adult affected members of the family (patient I-1, [Fig. 1](#F1){ref-type="fig"}). The dermatological features also appear mild, adult-onset and progressive, in keeping with the hypothesis of the p.Lys22Asn variant as a mild modifier of skin homeostasis with a gene dosage effect becoming apparent only with ageing.

Although a functional confirmation of the weak pathogenic potential of the variant is needed for definitive evidence, the presented genotype/phenotype correlations show that the p.Lys22Asn can be considered as a variant with full but age-dependent penetrance, which initially causes an auditory and dermatological phenotype just above the threshold for clinical detection and becomes more evident with ageing, simulating the paradigm of other multifactorial disorders, like age-related hearing loss itself, which has been associated with the susceptibility effect produced by low-penetrance genes [@R17].

Conclusions {#S5}
===========

In conclusion, based on patients\' phenotype, mutation segregation, population frequency and *in silico* prediction analysis, we suggest that the p.Lys22Asn variant is the cause of the dominant form of hearing loss associated with a variable expression of palmoplantar keratoderma in the family under study and represents a model of full penetrance, with an age-dependent effect on the phenotype.
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